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,QWURGXFWLRQ
)RUHQVLFDVVHVVPHQWLQHQJLQHHULQJLVWKHLQYHVWLJDWLRQRIPDWHULDOVSURGXFWVVWUXFWXUHVRUEUHDNGRZQFRPSRQHQWV
ZKLFKPD\FDXVHLQMXU\RUSURSHUW\GDPDJH(QJLQHHULQJIRUHQVLFLQYHVWLJDWLRQXVHGWRLGHQWLI\FDXVHVRIIDLOXUHIRU
UHKDELOLWDWLRQ RUPLWLJDWLRQ SXUSRVHV RU WR DVVLVW D FRXUW LQ GHWHUPLQLQJ WKH IDFWV RI DQ LQFLGHQW 7KH SURFHVV RI
HQJLQHHULQJ IRUHQVLF DVVHVVPHQW LQYROYHZLWK LQYHVWLJDWLRQ DQGGDWD FROOHFWLRQ UHODWHG WR WKHPDWHULDOV SURGXFWV
VWUXFWXUHVRUFRPSRQHQWVWKDWIDLOHGVXFKDVLQVSHFWLRQVFROOHFWLQJHYLGHQFHWHVWLQJDQGPHDVXUHPHQWVGHYHORSLQJ
PRGHOVREWDLQLQJSURWRW\SHPRGHODQGFRQGXFWLQJH[SHULPHQWV6SHFLILFDOO\LQJHRWHFKQLFDOIRUHQVLFHQJLQHHULQJLW
LQYROYHV DQDO\VLV RI D SURMHFW VLWH FRQGLWLRQV RU FRQVWUXFWLRQ IURP D JHRWHFKQLFDO SRLQW RI YLHZ ZKLFK FDQ EH
SHUIRUPHGGXULQJWKHGHVLJQSKDVHHJFKHFNLQJFDOFXODWLRQVDQGHQJLQHHULQJDVVXPSWLRQVRUGXULQJRUDIWHUWKH
FRQVWUXFWLRQRIWKHSURMHFWHJSURYLGLQJTXDOLW\DVVXUDQFHRUDGGUHVVLVVXHVWKDWDULVHGXULQJRUDIWHUFRQVWUXFWLRQ
IRU UHKDELOLWDWLRQ SXUSRVHV &RPPRQ UHODWHG LVVXHV LQYROYLQJ JHRWHFKQLFDO IRUHQVLF HYDOXDWLRQ ZHUH JURXQG
VHWWOHPHQW VORSH LQVWDELOLW\ IRXQGDWLRQ IDLOXUH H[FDYDWLRQ IDLOXUH FROODSVLEOH VRLO VRLO FRUURVLRQ HWF )RUHQVLF
JHRWHFKQLFDOHQJLQHHULQJLVJURZLQJLQFUHDVLQJLPSRUWDQWLQPRVWRIWKHFRXQWULHVZKHUHWKHIRXQGDWLRQIDLOXUHVPD\
OHDGWROLWLJDWLRQDQGHYHQFULPLQDODFWLRQ>@
&RQYHQWLRQDOO\VLWHLQYHVWLJDWLRQGDWDXVHGLQJURXQGLQVWDELOLW\DVVHVVPHQWZDVEDVHGRQERUHKROHH[SORUDWLRQ
PHWKRG>@+RZHYHUVHYHUDOOLPLWDWLRQVKDYHEHHQH[SHULHQFHGUHODWHGWRFRQYHQWLRQDOPHWKRGGXHWRLWVKLJKFRVW
WLPHFRQVXPLQJDQGOLPLWHGGDWDFRYHUDJH)XUWKHUPRUHFRQYHQWLRQDOPHWKRGZDVEDVHGRQWKHGULOOLQJGDWDZKLFK
UHSUHVHQWRQO\VLQJOHSRLQWLQIRUPDWLRQ'DWWKHDFWXDOGULOOLQJORFDWLRQWKXVHQDEOHVVRPHGHJUHHRIXQFHUWDLQWLHV
GXHWRWKHERULQJLQWHUSRODWLRQZKLFKFRQVLGHUFULWLFDOLQDFRPSOH[JHRORJLFDODUHD>@/RWVQXPEHURIGULOOLQJ
SRLQWZDVUHTXLUHGLQRUGHUWRREWDLQKLJKHUDFFXUDF\RIWKHVXEVXUIDFHUHVXOWVWKXVLQFUHDVLQJFRVWDQGWLPHRIWKH
SURMHFW0RUHRYHUFRQYHQWLRQDOPHWKRGZDVEDVHGRQGULOOLQJSURFHVVZKLFKDEOHWRLQFUHDVHGVLWHGDPDJHDELOLW\GXH
WR LWV GHVWUXFWLYH DSSURDFK LQ ILHOG H[SORUDWLRQ 7KHUHIRUH WKH VROXWLRQV WR WKHVH FKDOOHQJHV ZLOO UHTXLUH
PXOWLGLVFLSOLQDU\UHVHDUFKDFURVVWKHVRFLDODQGSK\VLFDOVFLHQFHVDQGHQJLQHHULQJ>@+HQFHJHRSK\VLFDOPHWKRG
RIIHUVWKHFKDQFHWRRYHUFRPHVRPHRIWKHSUREOHPVLQKHUHQWLQPRUHFRQYHQWLRQDOJURXQGLQYHVWLJDWLRQWHFKQLTXHV
>@*HRSK\VLFDOWHFKQLTXHVFRQWULEXWHVVHYHUDODGYDQWDJHVVXFKDVLWFDQEHSHUIRUPHGIDVWDQGORZFRVWDQGKDVWKH
DELOLW\WRFRYHUJUHDWHUDUHDVPRUHWKRURXJKO\>@DQG>@
$VUHSRUWHGE\>@&XPPLQJVDQG&ODUNKDYHIRXQGWKDWJHRSK\VLFDOLQVWUXPHQWVXVHGLQODQGVOLGHVHYDOXDWLRQ
ZHUHKHDYLO\EDVHGRQ VHLVPLF UHIUDFWLRQDQGHOHFWULFDO UHVLVWLYLW\PHWKRGV WKUXEDVLVRI LQWHUSUHWDWLRQRIREYLRXV
GLIIHUHQWSK\VLFDOSURSHUWLHVRIWKHVOLGLQJPDWHULDOVFRPSDUHGWRWKHXQGHUO\LQJXQGLVWXUEHGVHGLPHQWVRUEHGURFN
+RZHYHUVHLVPLFUHIUDFWLRQPHWKRGH[SHULHQFHGVHYHUDOOLPLWDWLRQVGXHWRLWVSK\VLFVIXQGDPHQWDOFRQVWUDLQWVXFKDV
KLGGHQDQGWKLQOD\HU LQDGHTXDWHVRXUFHVQRLV\DQGLQYROYHORWVRIGDWDUHGXFWLRQWKXVSURPRWLQJWRLQFUHDVHWKH
UHVXOWV DPELJXLW\ 1RZDGD\V HOHFWULFDO UHVLVWLYLW\ LPDJLQJ (5, KDV JUHDWO\ EHLQJ LPSURYHG LQ WHUP RI VXUYH\
FRYHUDJHILHOGPHDVXUHPHQWSURFHVVLQJWHFKQLTXHVWKXVDSSOLFDEOHWRUHVROYHFRPSOH[JHRORJLFDOVWUXFWXUHFRPSDUHG
WR WKHSUHYLRXV VRXQGLQJ WHFKQLTXH >@)URP WKHSDVWHOHFWULFDO UHVLVWLYLW\ VXUYH\KDVZLGHO\XVHGDVD WRRO IRU
LQYHVWLJDWLQJWKHFRQGLWLRQRIWKHVORSHHVSHFLDOO\LQODQGVOLGHVWXGLHVGXULQJWKHSUHDQGSRVWFRQVWUXFWLRQVWDJHV>
@$FFRUGLQJWR>@ODQGVOLGHVDUHDVKDVZLGHO\EHLQJLQYHVWLJDWHGXVLQJ(57WHFKQLTXHZLWKWKHDLPWRUHFRQVWUXFW
WKHVORSHDQGERG\JHRPHWU\WRORFDWHWKHSRVVLEOHVOLGLQJVXUIDFHWRLGHQWLI\YXOQHUDELOLW\VXUIDFHVWRHVWLPDWHWKH
VOLGHPDWHULDO WKLFNQHVV DQG WR GHWHFW DUHDVZLWK KLJKZDWHU FRQWHQW$FFRUGLQJ WR >@ DQG >@ JHRSK\VLFDO
PHWKRGVXFKDVWKHHOHFWULFDOUHVLVWLYLW\FDQEHSUDFWLFDOO\DGRSWHGWRGHWHUPLQHWKHLQWHUQDOGLVWULEXWLRQRIPDWHULDOV
ZLWKLQDVORSHLGHQWLI\LQJVOLGLQJVXUIDFHJHRPHWU\ZDWHUHIIHFWRQVORSHODQGVOLGHPDWHULDOSK\VLFDOSURSHUWLHVDQG
PDVV PRYHPHQW )XUWKHUPRUH HOHFWULFDO UHVLVWLYLW\ GDWD ZDV DEOH WR VKRZ D WZR OD\HU V\VWHP LQ ZKLFK WKH ORZ
UHVLVWLYLW\ ODQGVOLGHPDVV FURVVFXWV WKH UHVLVWLYLW\ OD\HULQJ LQ WKH KLJKHU UHVLVWLYLW\ VHGLPHQWV >@+RZHYHU WKH
VWDQGDUG SHUIRUPDQFH RI LQGLYLGXDO JHRSK\VLFDOPHWKRG DOZD\V GHSHQGV RQ IXQGDPHQWDO SK\VLFDO OLPLWDWLRQ HJ
SHQHWUDWLRQUHVROXWLRQDQGVLJQDOWRQRLVHUDWLR>@DQG>@0RUHRYHUJHRSK\VLFDOPHWKRGVDUHXQDEOHWRVWDQG
DORQHLQRUGHUWRSURYLGHVROXWLRQVWRDQ\SDUWLFXODUSUREOHPV>@DQG>@+HQFHVWURQJYHULILFDWLRQIURPGLUHFWWHVW
ILHOGWHVWH[SHULPHQWDOWHVWHWFZDVLPSRUWDQWWRVXSSRUWWKHHOHFWULFDOUHVLVWLYLW\DQRPDO\LQWHUSUHWDWLRQ$QXPEHU
RIUHVHDUFKHUVKDYHVKRZQWKDWWKHLQWHJUDWLRQRIJHRSK\VLFDOVXUYH\DQGJHRWHFKQLFDOGDWDFDQSURYLGHDPHDQLQJIXO
GDWDDQGLQWHUSUHWDWLRQIRUVXEVXUIDFHSURILOHFKDUDFWHUL]DWLRQ>@DQG>@
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+HQFHWKLVVWXG\SHUIRUPHGDIRUHQVLFDVVHVVPHQWRQQHDUVXUIDFHODQGVOLGHXVLQJHOHFWULFDOUHVLVWLYLW\LPDJLQJ
(5, DW .HQ\LU /DNH DUHD LQ 7HUHQJJDQX0DOD\VLD )LQDOO\ WKLV VWXG\ DLPV WR FRQWULEXWH WKRVH UHODWHG SDUWLHV
UHJDUGLQJWKHJRRGSURVSHFWRI(5,DVDQDOWHUQDWLYHWRROLQIRUHQVLFODQGVOLGHLQYHVWLJDWLRQ
0HWKRGRORJ\
7KLVVWXG\LQYROYHVWKUHHSKDVHVYLDGHVNVWXG\ILHOGPHDVXUHPHQWDQGGDWDSURFHVVLQJ'HVNVWXG\EHJLQVZLWK
JDWKHULQJ RI SUHYLRXV LQIRUPDWLRQ UHJDUGLQJ VWXG\ DUHD WKUX H[LVWLQJ UHSRUW PDSV HWF GXH WR REWDLQHG HDUO\
LQIRUPDWLRQVXFKDVVLWHVJHRORJ\WRSRJUDSK\HWFLQJOREDODQGORFDOL]HVFDOHDVSUHVHQWHGLQVXEVHFWLRQ7KHQ
ILHOG PHDVXUHPHQW ZDV SHUIRUPHG XVLQJ HOHFWULFDO UHVLVWLYLW\ LPDJLQJ (5, DQG ILQDOO\ UDZ GDWD IURP ILHOG
PHDVXUHPHQWZDVDQDO\]HGDQGSURFHVVHGXVLQJ5(6',19VRIWZDUHDVH[SODLQHGLQVXEVHFWLRQ
2.1. Study area and geologic setting 
7KLVVWXG\ZDVORFDWHGDWQRUWKHDVWVLGHRI3HQLQVXODU0DOD\VLDFRQVLVWRIDQDUWLILFLDOODNHODUJHVWPDQPDGHODNH
LQ 6RXWK(DVW$VLD LQ WKH VWDWH RI7HUHQJJDQX FUHDWHG LQ *HQHUDOO\ WKH VLWH VWXG\KDVPL[ WRSRJUDSK\ RI
XQGXODWLQJKLOO\WHUUDLQZKLFKVXUURXQGVWKHH[LVWLQJUHVHUYRLU7KHORFDOL]HVLWHVWXG\ZDVSHUIRUPHGDW.HQ\LU/DNH
7HUHQJJDQXVSHFLILFDOO\DW3HQJNDODQ*DZLDVVKRZQLQ)LJXUH
7KHJHQHUDOJHRORJ\RI0DOD\VLDKDVEHHQZHOOGRFXPHQWHGE\0LQHUDOVDQG*HRVFLHQFH'HSDUWPHQW0DOD\VLD
*HRORJLFDOPDSLQ)LJXUHVKRZVGLVWULEXWLRQWKHEHGURFNLQWKLVVWXGLHGDUHDZKLFKVSHFLILFDOO\ORFDWHGDW
3HQJNDODQ*DZL.HQ\LU/DNH$FFRUGLQJ WR)LJXUH3HQJNDODQ*DZL.HQ\LU/DNH LV VLWXDWHGDW LQWUXVLYH URFN
IRUPDWLRQZKLFKLVJUDQLWLFURFNFRQVLVWRIIDXOW]RQH,QDGGLWLRQ)LJXUHVKRZVSRVLWLYHOLQHDPHQWRIVDWHOOLWHLPDJH
DV HYLGHQFH WKDW3HQJNDODQ*DZL.HQ\LU/DNHZDV ORFDWHG LQ D IDXOW ]RQH7KLV IDXOWPD\SRVVLEO\SUHVHQWV DQG
LQIOXHQFLQJWKHLQYHVWLJDWHGDUHDWKXVSURYLGHDJURXQGZDWHUUHJLPHLQWKHURFNIRUPDWLRQ6LWHREVHUYDWLRQLQGLFDWHG
WKHJUDQLWLFRXWFURSDQGERXOGHU%DVHGRQERUHKROHVUHVXOWVLWZDVIRXQGWKDWWKLVDUHDKDVEHHQDPL[WXUHRIVDQG\
VLOWVLOW\VDQGFOD\H\VLOWDQGJUDYHOO\VDQG%RUHKROHUHFRUGV%+DQG%+DOVRUHYHDOHGWKDWWKLVDUHDZDVIRUPHG
E\JUDQLWLFEHGURFN


)LJ6WXG\DUHD
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
)LJ*HRORJ\RIWKHVWXG\DUHD>@

)LJ3RVLWLYHOLQHDPHQWIURPVDWHOOLWHLPDJHDVDQHYLGHQFHWKDW3HQJNDODQ*DZL.HQ\LU/DNHORFDWHGLQDIDXOW]RQH
2.2. Equipment 
7KH HOHFWULFDO UHVLVWLYLW\ HTXLSPHQW FRQVLVWV RI WKUHH PDLQ FRPSRQHQWV YL] VRXUFH LQGXFHU DQG UHFRUG 7KH
HOHFWULFDOUHVLVWLYLW\VRXUFHZDVJHQHUDWHGXVLQJDYROWRI'&EDWWHU\$VWHHOHOHFWURGHZDVXVHGDVDFXUUHQW
LQGXFHUPHGLXPZKLOH$%(07HUUDPHWHU/6ZDVXVHGWRUHFRUGWKHDSSDUHQWUHVLVWLYLW\YDOXH7KHUDZGDWDPHDVXUHG
RQVLWHZDVDQDO\]HGDQGLQWHUSUHWHGE\5(6',19VRIWZDUH
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2.3. Data acquisition and processing 
(OHFWULFDO UHVLVWLYLW\ LPDJLQJ(5,ZDVSHUIRUPHGXVLQJ$%(07HUUDPHWHU/6HTXLSPHQWVHW7ZRVSUHDG
OLQHVRIHOHFWULFDOUHVLVWLYLW\VXUYH\ZHUHSHUIRUPHGDFURVVWKHSUREOHPDWLFVWXG\DUHDDVVKRZQLQ)LJXUH7HVWLQJ
FRQILJXUDWLRQZDVEDVHGRQ6FKOXPEHUJHUDUUD\XVLQJWKUHHUHVLVWLYLW\ODQGFDEOHVILIW\RQHQXPEHUVRIHOHFWURGH
DQGILIW\WKUHHQXPEHUVRIMXPSHUFDEOH(TXDOHOHFWURGHVSDFLQJRIPZDVXVHGIRUDOOHOHFWURGHVSURGXFLQJ
WRWDOHOHFWULFDOUHVLVWLYLW\VXUYH\OHQJWKRIP)LHOGDUUDQJHPHQWRIWKHHOHFWULFDOUHVLVWLYLW\LPDJLQJZDVJLYHQLQ
)LJXUH6FKOXPEHUJHUDUUD\ZDVXVHGGXULQJWKHGDWDDFTXLVLWLRQVLQFHLWDEOHWRSURYLGHGHQVHQHDUVXUIDFHFRYHURI
UHVLVWLYLW\ GDWD$V UHSRUWHG E\ >@ WKH DUUD\ SURYLGHV D JRRG YHUWLFDO UHVROXWLRQ DQG FDQ JLYH D FOHDU LPDJH RI
JURXQGZDWHUDQGVDQGFOD\ERXQGDULHVDVKRUL]RQWDOVWUXFWXUHV)XUWKHUPRUHWKHDUUD\DEOHWRSURYLGHJUHDWHUGHSWK
RIVXEVXUIDFHSURILOHVZLWKLQOLPLWHGVSDFHGDUHDGXULQJWKHUHVLVWLYLW\GDWDDFTXLVLWLRQ5DZGDWDREWDLQHGIURPGDWD
DFTXLVLWLRQZHUHILUVWO\EHLQJSURFHVVHGXVLQJFRPPHUFLDOL]H5(6',19VRIWZDUHRI>@WRSURYLGHDQLQYHUVHPRGHO
WKDWDSSUR[LPDWHVWKHDFWXDOVXEVXUIDFHVWUXFWXUH7KHLQYHUVLRQDOJRULWKPRI5(6',19ZDVXVHGWRSURFHVVWKHGDWD
DV SURSRVHG E\ >@ LQ RUGHU WR REWDLQ WKH ' UHVLVWLYLW\ VHFWLRQ 7KH LQYHUVLRQ URXWLQH XVHG E\ WKH SURJUDP
5(6',19ZDVEDVHGRQWKHUREXVWFRQVWUDLQHGPHWKRGGXHWRWKHWDUJHWLQWHUHVWVXEVXUIDFHGHIRUPDWLRQDQGVLWH
FRQGLWLRQ


)LJ/RFDWLRQRIWKHHQWLUHHOHFWULFDOUHVLVWLYLW\OLQHVVSUHDGOLQHVSHUIRUPHGDW3HQJNDODQ*DZL7DVLN.HQ\LU7HUHQJJDQX
%+
%+
/DQGVOLGH]RQH
/DQGVOLGH]RQH
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
)LJ)LHOGDUUDQJHPHQWRIHOHFWULFDOUHVLVWLYLW\LPDJLQJ(5,EDVHGRQWKUHHFDEOHVFRQILJXUDWLRQ
5HVXOWVDQGGLVFXVVLRQV
7ZRSURILOHVRI WZRGLPHQVLRQDO 'HOHFWULFDO UHVLVWLYLW\ WRPRJUDSK\(57ZHUHREWDLQHGIURPWKHILHOG
VXUYH\VDWWKHVHOHFWHGDUHDLQ.HQ\LU/DNH7HUHQJJDQX0DOD\VLD6XEVXUIDFHSURILOHPDSSLQJJHQHUDWHGE\VXUIDFH
PDSSLQJRIHOHFWULFDOUHVLVWLYLW\PHWKRGZDVSURGXFHGWKUX(57DVJLYHQLQ)LJXUHDQGUHVSHFWLYHO\7KH(57
UHVXOWDQGLQWHUSUHWDWLRQVSUHDGOLQHVDQGZDVYHULILHGWKUXWKHH[LVWLQJERUHKROHV%+DQG%+ORFDWHGDORQJ
RIHDFKVSUHDGOLQHVDVVKRZQLQ)LJXUHDQGUHVSHFWLYHO\*HQHUDOO\ERWK(57DW)LJXUHDQGFRPSRVHGRI
PDWHULDOV IURPFRPSOHWHO\ZHDWKHUHG WRKLJKO\ZHDWKHUHG]RQH±RKPPKLJKO\ZHDWKHUHG WRPRGHUDWHO\
ZHDWKHUHG±RKPPPRGHUDWHO\ZHDWKHUHGWRKDUGPDWHULDO±RKPPDQGIUHVKKDUGDQGGU\
PDWHULDO  RKPP 	 RYHU (OHFWULFDO UHVLVWLYLW\ YDOXH (59 ZDV GHWHUPLQHG E\ PHDVXULQJ WKH SRWHQWLDO
GLIIHUHQFHDWSRLQWVRQWKHJURXQGVXUIDFHZKLFKFDXVHGWKHSURSDJDWLRQRIGLUHFWFXUUHQWWKURXJKWKHVXEVXUIDFH>@
(OHFWULFDOUHVLVWLYLW\YDOXHFDQEHLQIOXHQFHGE\VHYHUDOIDFWRUVVXFKDVWKHFRQFHQWUDWLRQDQGW\SHRILRQVLQSRUHIOXLG
DQGJUDLQPDWUL[RIJHRPDWHULDOVYLDWKHSURFHVVRIHOHFWURO\VLVZKHUHWKHFXUUHQWZDVFDUULHGE\LRQVDWDFRPSDUDWLYHO\
VORZUDWH >@$FFRUGLQJ WR>@DVRLO¶VHOHFWULFDO UHVLVWLYLW\YDOXHJHQHUDOO\YDULHV LQYHUVHO\SURSRUWLRQDO WR WKH
ZDWHUFRQWHQWDQGGLVVROYHGLRQFRQFHQWUDWLRQDVFOD\H\VRLOH[KLELWKLJKGLVVROYHGLRQFRQFHQWUDWLRQZHWFOD\H\VRLOV
KDYHORZHVWUHVLVWLYLW\RIDOOVRLOPDWHULDOVZKLOHFRDUVHGU\VDQGDQGJUDYHOGHSRVLWVDQGPDVVLYHEHGGHGDQGKDUG
EHGURFNVKDYHWKHKLJKHVW(59$VUHSRUWHGE\>@DGHFUHDVHRI(59ZDVUHVXOWVIURPDQLQFUHDVHRIPHWDOLRQVRU
LQRUJDQLFHOHPHQWVLQJHRPDWHULDOV$VUHSRUWHGE\>@>@DQG>@VRLOUHVLVWLYLW\YDOXHFDQEHYDULHGGXHWRWKH
YDULDWLRQ RI EDVLF JHRWHFKQLFDO SURSHUWLHV VXFK DVPRLVWXUH FRQWHQW GHQVLWLHV YRLG UDWLR SRURVLW\ DQG JUDLQ VL]H
IUDFWLRQ)XUWKHUPRUHFRQGLWLRQVXFKDVSRURVLW\GHJUHHRIVDWXUDWLRQVDOWFRQFHQWUDWLRQLQSRUHIOXLGJUDLQVL]HVL]H
JUDGDWLRQWHPSHUDWXUHDQGDFWLYLW\PD\LQIOXHQFHWRWKHHOHFWULFDOUHVLVWLYLW\YDOXHYDULDWLRQV>@
7KHUHVLVWLYLW\LPDJH(57IRUVSUHDGOLQHZDVDEOHWRREWDLQWKHPD[LPXPGHSWKRISHQHWUDWLRQZLWKXSWR
P)LJXUHVKRZVWKHYDVWUDQJHRIUHVLVWLYLW\YDOXHZLWKLQIRUVSUHDGOLQHVKRZVWKDWKLJKO\KHWHURJHQRXVPDWHULDO
$WWKHFHQWHURIUHVLVWLYLW\OLQHEOXHFRORURI(59RKPPKDVEHHQFODVVLI\DVFRPSOHWHO\ZHDWKHUHGWRKLJKO\
ZHDWKHUHG]RQH7KLV]RQHZDVSRVVLEO\FRPSRVHGRIVRLOZLWKZDWHUDQGZHDNFRKHVLYHVRLODQGKLJKO\IUDFWXUHG
URFN$FFRUGLQJWR%+VRLOSURILOHFRQVLVWVRIVDQG\6,/7WRFOD\H\6,/7ZKLFKUHSUHVHQWHGE\(59RIRKPP
DQGEHORZVXEMHFWHGWRPRLVWXUHDQGJUDLQVL]HYDULDWLRQV$FFRUGLQJWR>@(59RIFOD\H\DQGVLOW\VRLOVZDVYDULHV
IURP±RKPP0RUHRYHU>@ZDVUHSRUWHGWKDWWKH(59RIFOD\DQGVLOWPDWHULDOFDQEHYDULHGIURP±
RKPP VXEMHFWHG WRPRLVWXUH DQG JUDLQ VL]H YDULDWLRQV%RWK VLGHV RI WKH(57 )LJXUH  FRQVLVWV RIPRGHUDWHO\
ZHDWKHUHGWRKDUGPDWHULDO±RKPPZKLFKSRVVLEO\GHULYHGIURPPRGHUDWHO\IUDFWXUHGWRKDUGGU\PDWHULDO
ZLWKGU\VRLOILOOHGFUDFNVVDQGDQGJUDYHOZLWKOD\HUVRIVLOW	ZHDWKHUHGURFN>@7KHUHVLVWLYLW\YDOXHODUJHUWKDQ
RKPPZDVFODVVLILHGDVIUHVKKDUGDQGGU\PDWHULDOZKLFKSRVVLEO\FRPSRVHGIURPPDVVLYHEHGGHGDQGKDUG
EHGURFNFRDUVHGU\DQGJUDYHOGHSRVLWV>@$FFRUGLQJWR%+LQFRQVLVWHQWOD\HURIVRLOFRQVLVWHQF\ZDVYDULHG
IURPPHGLXPVWLIIPHGLXPVRIW6371 ±±±)XUWKHUPRUHVKDOORZURFNKHDGZDVGHWHFWHGDWGHSWKRI
PZLWKLWVSRRUIDLUJRRGGHVFULSWLRQRIURFNTXDOLW\GHVLJQDWLRQ54' ±±+HQFHWKHUHVXOWV
REWDLQHGIURP%+VKRZVWKDWWKHVXEVXUIDFHSURILOHFRQVLVWRIKHWHURJHQHRXVSURILOHWKXVYHULILHGWKH(57UHVXOW
DQGLQWHUSUHWDWLRQIRUVSUHDGOLQH$FFRUGLQJWR%+JURXQGZDWHUWDEOHZDVGHWHFWHGDWPZKLFKDOVRLQGLFDWHV
WKDWWKHJURXQGFDQSRVVLEO\LQVWDEOH
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
)LJ(OHFWULFDOUHVLVWLYLW\WRPRJUDSK\(57IRUVSUHDGOLQHJHQHUDWHGDWWRSRIWKHVORSH:HVW(DVWGLUHFWLRQ
7KHUHVLVWLYLW\LPDJH(57IRUVSUHDGOLQHZDVDEOHWRREWDLQWKHPD[LPXPGHSWKRISHQHWUDWLRQZLWKXSWR
P)LJXUHVKRZVWKHYDVWUDQJHRIUHVLVWLYLW\YDOXHZLWKLQIRUVSUHDGOLQHVKRZVWKDWKLJKO\KHWHURJHQHRXVPDWHULDO
$W WKHFHQWHURIUHVLVWLYLW\ OLQHEOXHFRORURI(59RKPPKDVEHHQFODVVLILHGDVFRPSOHWHO\ZHDWKHUHGWR
KLJKO\ZHDWKHUHG ]RQH 7KLV ]RQHZDV SRVVLEO\ FRPSRVHG RI VRLOZLWKZDWHU DQGZHDN FRKHVLYH VRLO DQG KLJKO\
IUDFWXUHGURFN$FFRUGLQJWR%+VRLOSURILOHFRQVLVWRIVDQG\6,/7DQGVLOW\6$1'ZKLFKUHSUHVHQWHGE\(59RI
RKPPDQGEHORZVXEMHFWHGWRPRLVWXUHDQGJUDLQVL]HYDULDWLRQV$FFRUGLQJWR>@(59RIVLOW\DQGVDQG\VRLOV
ZDVYDULHVIURP±RKPP0RUHRYHU>@ZDVUHSRUWHGWKDWWKH(59RIFOD\DQGVLOWPDWHULDOFDQEHYDULHGIURP
±RKPPVXEMHFWHGWRPRLVWXUHDQGJUDLQVL]HYDULDWLRQV%RWKVLGHVRIWKH(57)LJXUHFRQVLVWVRIKLJKO\
ZHDWKHUHGWRPRGHUDWHO\ZHDWKHUHG]RQH±RKPPZKLFKSRVVLEO\FRQVLVWVRIZHOOIUDFWXUHGWRPRGHUDWHO\
IUDFWXUHGEHGURFNZLWKPRLVWVRLOILOOHGFUDFNV>@7KHUHVLVWLYLW\YDOXHODUJHUWKDQRKPPKDVEHHQFODVVLILHG
DVIUHVKKDUGDQGGU\PDWHULDOZKLFKSRVVLEO\FRPSRVHGRIPDVVLYHEHGGHGDQGKDUGEHGURFNFRDUVHGU\DQGJUDYHO
GHSRVLWV>@$FFRUGLQJWR%+LQFRQVLVWHQWOD\HURIVRLOFRQVLVWHQF\ZDVYDULHGIURPPHGLXPVWLIIYHU\VWLII637
1 ±±±±±±±±±±±±)XUWKHUPRUHDVUHIHUUHGWR%+LWZDVIRXQG
WKDWWKHVXEVXUIDFHSURILOHFRQVLVWRIGHHSURFNKHDGPZLWKIDLUURFNTXDOLW\GHVLJQDWLRQ54' +HQFH
WKHUHVXOWVREWDLQHGIURP%+VKRZVWKDWWKHVXEVXUIDFHSURILOHFRQVLVWRIKHWHURJHQHRXVSURILOHWKXVYHULILHGWKH
(57UHVXOWDQGLQWHUSUHWDWLRQIRUVSUHDGOLQH$FFRUGLQJWR%+JURXQGZDWHUWDEOHZDVGHWHFWHGDWPZKLFK
DOVRLQGLFDWHVWKDWWKHJURXQGFDQSRVVLEO\LQVWDEOH
*HQHUDOO\WKHHQWLUH(57)LJXUHKDVVKRZQWKDWWKHVXEVXUIDFHSURILOHKDVEHHQGRPLQDWHGE\ZHDNPDWHULDOV
DWWKHFHQWHURIHDFKSURILOHFRQWLQXRXVO\+LVWRULFDOO\WKLVDUHDSUHVHQWVJHRORJLFDOVWUXFWXUHZLWKSDUWLFXODUUHIHUHQFH
WRIDXOWOLQH)LJXUHZKLFKFRQVLGHUZHDNGXHWRLWVKHWHURJHQHRXVJHRPDWHULDOV+HQFHODQGVOLGHVSKHQRPHQRQLQ
WKLVDUHDZDVSRVVLEO\WULJJHUHGE\KHDY\SUHFLSLWDWLRQGXHWRUDLQZDWHUWKDWIORZDQGVHHSWKUXWKHJHRORJLFDOVWUXFWXUH
ZLWKSDUWLFXODUUHIHUHQFHWRIDXOW]RQH7KLVODQGVOLGHWUDJHG\ZDVRFFXUUHGGXULQJWKHUDLQLQJVHDVRQ'HFHPEHU
WKXVLQIOXHQFLQJWKHDFWLYDWLRQRIZHDNQHVV]RQHIDXOW]RQHGXHWRH[FHVVLYHSRUHZDWHUSUHVVXUH7KLVMXGJPHQWZDV
PDGHGXHWRWKHYHULILFDWLRQWKUXHVWDEOLVKHGJHRORJLFDOPDS>@ZKLFKLQGLFDWHVWKHH[LVWLQJRIIDXOWOLQHV\PERODV
VKRZQLQ)LJXUH&RPPRQO\ORZHOHFWULFDOUHVLVWLYLW\YDOXH(59ZLOOLQGLFDWHWKHH[LVWLQJRIWKHZHDN]RQHZKLFK
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PD\FRQWDLQKLJKZDWHUFRQWHQWRUKLJKO\FRQGXFWLYHPDWHULDOV$VDUHVXOWLWLVSRVVLEOHWRWKLQNWKDWZHDN]RQHRI
VXEVXUIDFHJHRPDWHULDOVLQQDWXUDOVORSHLVOLNHO\WRVKRZDORZUHVLVWLYLW\YDOXHGXHWRWKHKLJKFRQGXFWLYH]RQHZKLFK
FRPPRQO\ FRQWDLQHGZDWHU >@ %DVHG RQ )LJXUH  GHIRUPDWLRQ ]RQH JHRPHWU\ GXH WR WKHZDWHU DQG IDXOW OLQH
LQIOXHQFHVZDVDEOHWREHDSSUR[LPDWHGE\PZLGWKDQGPDQGRYHUGHSWK$FFRUGLQJWR>@UHGXFWLRQRI
(59PD\UHODWHGWRLQFUHDVHGZDWHUFRQWHQWWKDWZRXOGORZHUWKH(59RIVKHDUHGPDWHULDOVGHYHORSPHQWRIVKHDU
]RQHVWKDWORZHUWKH(59IRUWKHVOLGLQJPDWHULDOVDQGDOWHUDWLRQWKURXJKZHDWKHULQJPD\UHGXFHWKH(59LQWKHVOLGLQJ
]RQH7KLVVWXG\KDVGHPRQVWUDWHGWKDWWKH(57'UHVXOWIURP)LJXUHZDVDEOHWRFRQWULEXWHWRWKHHVWLPDWLRQRI
GHVWUXFWLYH ]RQH ODQGVOLGHV GXH WR WKH IDXOW OLQH LQ FRQWUDVW WR WKH ERUHKROHV 'PHWKRG$V UHSRUWHGE\ >@
JHRSK\VLFDOVXUYH\VVXSSOHPHQWHGVKDOORZERUHKROHVWRH[WHQGWKHVXEVXUIDFHGDWDWRJUHDWHUGHSWKV,WZDVKLJKO\
UHFRPPHQGHGWKDW WKHUHVLVWLYLW\VXUYH\QHHGWREHSHUIRUPHGHDUOLHU WKDQWKHERUHKROHGULOOLQJH[SORUDWLRQGXHWR
GHFLGHWKHPRVWVXLWDEOHSRLQWORFDWLRQRIERUHKROHV


)LJ(OHFWULFDOUHVLVWLYLW\WRPRJUDSK\(57IRUVSUHDGOLQHJHQHUDWHGDWWRHRIWKHVORSH:HVW(DVWGLUHFWLRQ
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
)LJ$UUDQJHPHQWRIDOOUHVLVWLYLW\UHVXOWVEDVHGRQVLWHSRVLWLRQ7RSDQGERWWRPRIWKHODQGVOLGH
&RQFOXVLRQV
7KHSUREOHPDWLF VXEVXUIDFHSURILOH LQ ODQGVOLGHVZDV VXFFHVVIXOO\EHLQJ LQYHVWLJDWHGXVLQJ HOHFWULFDO UHVLVWLYLW\
WRPRJUDSK\(577KHJHRPHWU\DQGHOHFWULFDO UHVLVWLYLW\GLVWULEXWLRQRI ORFDOL]H ODQGVOLGHVDW.HQ\LU/DNHDUHD
7HUHQJJDQX0DOD\VLDKDVGHWHUPLQHGE\DQDO\]LQJHOHFWULFDO UHVLVWLYLW\GDWDREWDLQHGDQG WKHUHVXOWKDVJHQHUDOO\
VKRZQ D YHU\ JRRG DJUHHPHQWZLWK GULOOLQJ GDWD 7KLV ILQGLQJ KDV SURYHG WKDW WKLVPHWKRG LV DEOH WR SUHGLFW WKH
ODQGVOLGHVIHDWXUHV LQRUGHU WRDVVLVW WKHFRQYHQWLRQDOERUHKROHGDWD(57ZDVVXFFHVVIXOO\PDSSHGWKHVXEVXUIDFH
SURILOHZKLFKDEOHWRH[WHQGWKHVXUIDFHLQIRUPDWLRQPDSSHGE\JHRG\QDPLFPDSSLQJDQGRWKHUSK\VLFDOPDSSLQJ
7KHPHFKDQLFVDQGSK\VLFDOFKDUDFWHULVWLFVRIWKHODQGVOLGHFDQEHHDVLO\UHFRJQL]HG7KHGHWHUPLQDWLRQRIVKDSHDQG
GHSWKRIWKHVXEVXUIDFHODQGVOLGHZKLFKFDXVHGJURXQGGDPDJHDUHHDVLHUDQGFKHDSHUWKDQZLWKFRQYHQWLRQDOERUHKROH
PHWKRG7KHLQIRUPDWLRQIURPWKHHOHFWULFDOUHVLVWLYLW\UHVXOWVZDVXVHIXOIRUUHKDELOLWDWLRQDQGPLWLJDWLRQSXUSRVHV
7KLVJHRSK\VLFDOPHWKRG LV VXLWDEOH IRURXU VXVWDLQDEOHJURXQG LQYHVWLJDWLRQVLQFH LW FDQ UHGXFH WLPHPRQH\DQG
FRPSOLPHQWRWKHUVFRQYHQWLRQDOPHWKRGHVSHFLDOO\E\LWV'VXUIDFHWHFKQLTXHRILQYHVWLJDWLRQ7KHDSSOLFDWLRQRI
HOHFWULFDO UHVLVWLYLW\ WRPRJUDSK\ LQ FRQMXQFWLRQ ZLWK JHRORJLFDO DQG ERUHKROH LQIRUPDWLRQ ZDV HIIHFWLYHO\ EHLQJ
DSSOLHGIRUIRUHQVLFDVVHVVPHQWZLWKSDUWLFXODUUHIHUHQFHRIQHDUVXUIDFHODQGVOLGHV
$FNQRZOHGJHPHQWV
7KDQNDUHGXHWRDOOUHVHDUFKPHPEHUVIRUWKHLUWUHPHQGRXVZRUNDQGFRRSHUDWLRQ0DQ\WKDQNVJRWR8QLYHUVLWL
7XQ+XVVHLQ2QQ0DOD\VLDIRU WKHVSRQVRUDQGILQDQFLDO VXSSRUW ,*63IURP9RW8 WKURXJKRXW WKLV UHVHDUFK
DFWLYLW\
5HIHUHQFHV
>@ +*3RXORV$)UDPHZRUNIRU)RUHQVLF)RXQGDWLRQ(QJLQHHULQJLQ3URF,QWHUQDWLRQDO&RQIHUHQFHRQ)RUHQVLF(QJLQHHULQJ)URP)DLOXUHWR
8QGHUVWDQGLQJ/RQGRQSS
>@ ,$QDVWDVRSRXORV%XLOGLQJGDPDJHGXULQJQHDUE\FRQVWUXFWLRQ)RUHQVLFDQDO\VLV(QJLQHHULQJ)DLOXUH$QDO\VLV±
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